The link between toroidal flows and density blobs is experimentally demonstrated in TORPEX simple magnetised plasmas: momentum is transferred from an ideal-interchange mode to density blobs. The phase shift between the toroidal flow and the density perturbations observed in the interchange mode where the blob is born is conserved along the blob radial trajectory. This leads to dipolar structures of the blob-induced flow or to monopolar perturbations, so large that the toroidal flow gets transiently reversed. The turbulent toroidal momentum flux is dominated either by the nonlinear flux or by the convective part but not by the Reynolds stress component.
I. INTRODUCTION
Flows and the associated momentum transport are fundamental components upon the dynamics of accretion disk [1] , dynamo effect [2] and turbulent magnetohydrodynamics in the solar wind [3] . The nature of this transport and the origin of the flows in the absence of external momentum sources are crucial questions that remain open to date. In magnetically confined plasmas, recent experimental observations have demonstrated that the spontaneous or intrinsic toroidal rotation profiles cannot be explained with the neoclassical theory of momentum transport only [4] [5] [6] [7] [8] [9] .
Therefore, in the last decade, several theories have been proposed to identify turbulence driven terms in the toroidal momentum flux. [10] [11] [12] [13] .
Moreover, experimental observations suggest that the intrinsic plasma rotation is initiated at the edge just inside the last close flux surface (LCFS) and then builds inward [9] . Rotation at the tokamak edge might be determined by scrape-off layer (SOL) field aligned flows which constitute a key mechanism to carry particles and energy towards the divertor plates, regulating recycling and wall damage [14, 15] . In this region, isolated intermittent structures called blobs, propagating in the radial direction, dominate the cross-field heat and particle transport (see [16] and references therein). Blobs might also carry momentum from the plasma edge into the SOL and could provide a recoil force that might induce a rotation of the core plasma [10, 11] . While recent numerical simulations [17, 18] show that blobs can generate significant flows perpendicular and parallel to the magnetic field, only a single piece of experimental evidence has been reported on the possible link between blob dynamics and field aligned flows. In the JET tokamak SOL, Hidalgo et al [19] have shown that it exists a coupling between the bursty particle transport due to blobs and the parallel Mach number: the larger the transport, the larger the Mach number. However, measurements were limited to two spatial points outside the LCFS and only a statistical analysis could be performed. [20] have demonstrated the role of parallel turbulence forces on edge momentum redistribution in the plasma boundary region of the TJ-II stellarator.
In addition, Goncalves et al
In this paper, we investigate the link between toroidal flows and density blobs born from ideal interchange-driven turbulence in toroidal plasmas with open magnetic field lines and with constant curvature. The interchange instability is one of the most common instabilities in magnetized plasmas and is driven by collinear magnetic field curvature and pressure gradient.
Details on the experimental setup and the target plasma are given in Sec. II. Time average profiles of the toroidal flow measured over a large fraction of the cross-section are presented in Sec. III. In Sec. IV, we present, for the first time, measurements of 2D time resolved toroidal velocity fluctuations associated with density blobs. The phase shift between the density n e and the toroidal velocity V φ measured in the region where the blob is born is conserved along its radial propagation. Depending on the experimental conditions, V φ fluctuations can have a dipolar structure leading to quasi-gaussian statistical properties or a monopolar structure, so large that the toroidal flow is transiently reversed. Finally, we report on first quantitative measurements of a key physics quantity, the turbulent momentum flux, which can be decomposed into three terms: the toroidal Reynolds stress, the convective flux and the nonlinear flux (Sec. V).
II. EXPERIMENTAL SETUP AND TARGET PLASMA
The experiments are performed in TORPEX [21] , a toroidal device with major and minor radius R=1 m and a=0.2 m, a toroidal magnetic field B φ up to 0.1 T and a superimposed small vertical magnetic field B z ≤ 4 mT (see Fig. 1a) ). This leads to helical magnetic field lines which feature curvature and ∇B effects and with both ends terminating on the vacuum vessel with a small pitch angle (≤ 5 o ). Highly reproducible plasmas are created and sustained for up to 2.5 s by means of waves in the Electron Cyclotron range of frequencies [22] . In the present study, we focus on the well-established regime in which blobs are born from an interchange wave in H 2 plasmas [23, 24] .
Following an increase in the pressure gradient, the interchange mode enlarges radially. Since the radial shear of the background vertical E × B flow is sufficiently large, the mode is sheared-off and a blob is generated [23, 24] . The charge separation inside the blob creates an E × B drift that moves the blob radially outwards [25] . In addition to this usual scenario (B z > 0, case A), we repeat the same kind of measurements after reversing the vertical magnetic field (B z < 0, case B).
On TORPEX, toroidal flows are measured with a Mach probe which consists of two tungsten circular plates (diameter: 8 mm) separated by an insulator and kept perpendicular to the toroidal direction as sketched in Fig 1b) . The probe can be moved over a large fraction of the cross-section on a shot-to-shot basis (Fig.1c) ). The blob dynamics is not drastically perturbed by the presence of the Mach probe, as revealed by the comparison with data from electrostatic probes of much smaller size [27] and also from visible light fluctuation measurements [28] . While the physical definition of the Mach number is M φ (t) = V φ (t)/c s (t), a commonly accepted operational formulation [29] is given by M (t) = 0.4 log [j up (t)/j down (t)] where V φ is the ion fluid velocity, c s is the ion sound speed defined as c s ≡ √ ZkT e /m i and j up and j down are the ion saturation currents measured on the two opposed sides of the probe. In TORPEX plasmas, ions are cold (T i < 1 eV) so T i is neglected with respect to T e in the definition of the ion sound speed c s . According to our sign convention, a positive Mach number corresponds to a toroidal flow in the counter-clockwise direction when the torus is seen from top. This is also the direction of the toroidal magnetic field in our experiments.
For both cases A and B, the time averaged profiles of the plasma density n e , the electron temperature T e and the plasma potential V pl are obtained from Langmuir probe measurements.
The first two quantities and the floating potential V fl are extracted from fits of Langmuir probe characteristics. The plasma potential is deduced from the general formula: V pl = V fl + µT e where µ = 3.1 ± 0.6 is evaluated experimentally [22] . The time averaged 2D profiles are shown in Fig.   2 . Profiles are peaked around r=-2 cm and elongated in the vertical direction. These plasmas are characterized by two distinct poloidal regions with different plasma dynamics: 1) a main plasma region for −3 < r < 6 cm dominated by a coherent interchange wave (frequency 4 kHz;
phase velocity 800 ms −1 ); 2) a region on the low-field side for r > 6 cm with negligible plasma production, dubbed source-free region, characterized by the propagation of plasma blobs, resulting in intermittent transport events [24] . cm have been performed with a conducting limiter covering the entire cross-section. In this case, the incidence angle α is close to π/2 (i.e. negligible drift effects) and the distance along the magnetic field lines between the limiter and the measurement plane is identical along z for magnetic field lines with both ends terminating on the limiter (see Fig. 4a) ). As expected with this setup, the profile of the toroidal Mach number is constant along z for magnetic field lines terminating on both ends on the limiter (Fig. 4b) ).
IV. PROPERTIES OF MACH NUMBER FLUCTUATIONS IN THE BLOB REGIME
Intermittent density fluctuations are characterized by strongly non-Gaussian probability density functions (PDF) (see [31] and references therein). The third moment of these PDF, the skewness, is clearly not equal to zero. This is illustrated in Fig. 5a ), where the radial profiles of the skewness for the ion saturation current and the Mach number are plotted for both cases, A and B. Similarly to measurements across the LCFS in tokamaks [32] , the I sat skewness goes from negative values, indicating the region where the blobs are born (r∼-3 cm), to positive values, where the blobs propagate radially (r>6 cm). For the Mach number, even if the time average profiles are different for cases A and B, the skewness profiles are rather similar. It is worth noting that the skewness of the Mach number is almost always negative and tends to zero in the source-free region where blobs propagate. In this region, the Mach number PDF is more Gaussian than the density PDF, an observation that is in agreement with previous results from the JET tokamak [19] . The joint probability between M φ and I sat /σ, where σ is the standard deviation of I sat , computed from signals measured at r=15 cm, z=0 cm (case A) indicates that the most probable toroidal Mach number doesn't change when plasma density bursts (I sat /σ ≥ 2) are detected (Fig. 5b) ). At a first sight, this seems to suggest that the toroidal Mach number is not affected by the blob propagation in the source-free region.
To clarify this issue, we look at the plasma dynamics over the cross-section using the conditional average (CA) technique [34] . The CA technique is a well establish method to detect coherent features in turbulence and relies on a good reproducibility of the discharges, which is the case in simple toroidal plasmas. It is based on a reference probe which is kept fixed in position and another probe that can be moved in the plasma. In our case, the analysed data are taken from the Mach probe which is moved on a shot-to-shot basis in order to cover a large fraction of the cross-section the ejection and the propagation of the blob. In the data from the movable probe, we are not specifically looking at large events as in the reference signal, so it might be possible to capture lower fluctuations and if there are coherent with the trigger events, they will remain after the ensemble average, otherwise they will be smeared out. from case B to generate a counterpart to Fig. 6 , it will be demonstrated in the next section that the density blob is associated with a toroidal Mach number hole in the source-free region.
V. BLOB INDUCED TOROIDAL MOMENTUM TRANSPORT
Spatio-temporal correlation between M φ and I sat is demonstrated in the blob scenario in TOR-PEX. However, this does not necessarily imply a similar correlation between density and toroidal velocity. Indeed, it has been shown that a density blob is significantly hotter than the surrounding plasma [33] . Therefore, fluctuations in the toroidal Mach number might be due also to c s (T e ) fluctuations. To quantify this effect, we use a combined version of the conditional averaging (CA) and boxcar techniques [24] . This technique is explained in details in [23] and might be summarized detected triggers, we are reconstructing the time evolution (-300 µs < τ < +300 µs) of the density, temperature, plasma potential and toroidal Mach number measured at the same location and correlated with a blob detected at τ =0 on a reference probe [26] . (Fig. 7c) ), while the agreement is not as good for case B (Fig. 7d) ). A key physics quantity required for a comparison between experimental observations and theoretical predictions is the turbulent momentum flux which can be written as follows [13] :
Steady-state terms in the absence of blobs are n 0 and V In the source-free region, the fluctuating radial velocity v 1 r is essentially determined by the local radial V E×B [33] (Fig. 7g-h) ). The first term in Eq. (1) is the toroidal Reynolds stress (RS), the second is the convective flux and the third is the nonlinear flux which might be driven by modemode coupling or turbulence spreading. Vertical profiles of these three terms for z 
